Scaffold proteins form a framework to organize signal transduction by binding multiple partners within a signaling pathway. This shapes the output of signal responses as well as providing specificity and localization. The Membrane Associated Guanylate Kinases (MAGuKs) are scaffold proteins at cellular junctions that localize cell surface receptors and link them to downstream signaling enzymes. Scaffold proteins often contain protein-binding domains that are connected in series by disordered linkers. The tertiary structure of the folded domains is well understood, but describing the dynamic inter-domain interactions (the superteritary structure) of such multidomain proteins remains a challenge to structural biology. We used 65 distance restraints from singlemolecule fluorescence resonance energy transfer (smFRET) to describe the superteritary structure of the canonical MAGuK scaffold protein PSD-95. By combining multiple fluorescence techniques, the conformational dynamics of PSD-95 could be characterized across the biologically relevant timescales for protein domain motions. Relying only on a qualitative interpretation of FRET data, we were able to distinguish stable interdomain interactions from freely orienting domains. This revealed that the five domains in PSD-95 partitioned into two independent supramodules: PDZ1-PDZ2 and PDZ3-SH3-GuK. We used our smFRET data for hybrid structural refinement to model the PDZ3-SH3-GuK supramodule and include explicit dye simulations to provide complete characterization of potential uncertainties inherent to quantitative interpretation of FRET as distance. Comparative structural analysis of synaptic MAGuK homologues showed a conservation of this supertertiary structure. Our approach represents a general solution to describing the supertertiary structure of multidomain proteins.
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intrinsic disorder | protein structure | single molecule fluorescence | fluorescence lifetime | fluorescence correlation spectroscopy N ature relies on scaffold proteins to provide the physical constraints necessary for efficient signal transduction. Scaffold proteins interact with multiple pathway components to hold the signal transduction machinery in close proximity. Scaffolds are often composed of modular, protein-binding domains linked together in series by intrinsically disordered linkers (1) . The presence of disorder may be a defining feature for scaffolds and other proteins that interact with multiple binding partners (2) .
The high effective concentrations brought about by domain tethering can give rise to unexpected interactions between the protein-binding domains. In some cases, canonical protein-binding domains fold together into an inseparable structural supramodule (3). While much has been learned by studying truncated fragments, we need to put the pieces back together. Such questions are difficult to address because disorder presents a fundamental challenge to structural biology.
The Membrane-Associated Guanylate Kinase (MAGuK) scaffold proteins regulate signaling at cellular junctions (4) . There are four MAGuKs in excitatory synapses (PSD-95, PSD-93 SAP97 and SAP102), which share the same arrangement of three PDZ domains and an SH3 domain preceding an inactive Guanylate Kinase domain (GuK). The sequence identity is greater than 70% in the binding-domains, but falls to less than 20% within the linkers. Physiological studies have suggested that the four MAGuKs are not functionally redundant (5, 6) but their individual protein-binding domains are structurally identical.
In this paper, we used single-molecule, fluorescence resonance energy transfer (smFRET) to describe the supertertiary structure (7) of full-length PSD-95 in solution. FRET has been long used to define the 3D relationship between individual components or domain fragments (8) (9) (10) (11) . We found that the five domains of PSD-95 partition into two independent "supramodules." While the interdomain linkers permit dynamics, they do not impart isotropic domain positioning. Homologous measurements in SAP97 and SAP102 showed that this organization is conserved in the other synaptic MAGuKs. This study represents the first unambiguous assignment of domain positioning in a full-length scaffold protein and the most extensive characterization of a dynamic protein structure with smFRET.
Results
Ensemble Measurement of Compaction in PSD-95. The elution time in analytical size exclusion chromatography (SEC) is sensitive to both protein shape and the density of domain packing. From the elution time, we calculated the apparent molecular weight for PSD-95 relative to globular protein standards (Fig. 1) . The apparent molecular weight for full-length PSD-95 was larger than expected, indicating that the domains are not tightly packed. To probe domain interactions, we compared the difference between the actual and apparent molecular weight (ΔMW) for a series of PSD-95 truncation constructs. The single PDZ domains had a ΔMW of zero as expected for compact, folded domains (Fig. 1 E-G) . For SH3-GuK and PDZ3-SH3-GuK, ΔMW was slightly negative, indicating that PDZ3 localizes closely to the SH3-GuK domain ( Fig. 1 H-I ). In contrast, the PDZ1-2 tandem shows a positive ΔMW (Fig. 1D) . Structures of the PDZ tandem have revealed an extended rod-like conformation (12) . Constructs containing the N-terminus or the PDZ2-3 linker showed significantly higher ΔMW ( Fig. 1 B and C) . The deviation for the full-length protein is primarily attributable to these two linkers, which are either disordered or in an extended conformation.
smFRET Analysis of Domain Organization in PSD-95. We introduced and characterized 30 different labeling sites in the full-length protein (Fig. S1 ). We made 65 FRET measurements to sample all possible domain combinations multiple times using different labeling sites (Table S1 ). PSD-95 was labeled with Alexa555 and Alexa647 and measured with a Total Internal Reflection Fluorescence (TIRF) microscope equipped with an EMCCD camera running at 100 ms∕frame. Proteins were encapsulated in immobilized phospholipid vesicles. A representative smFRET experiment, from raw data to computational analysis, is included in the SI Text (Fig. S2) .
Single PSD-95 molecules showed stable FRET levels until photobleaching (Fig. S2A) . Variations in the smFRET signal can indicate dynamics (13) , but PSD-95 showed little signal variance (Fig. S2B ). Most smFRET histograms showed single Gaussian peaks ( Fig. S2C and Table S1 ). The narrow peak widths are similar to what we have measured in DNA (14) but also in random coil proteins with rapid dynamics (15) . Thus, individual measurements are compatible with either a static structure or dynamics. Only 7 out of 65 histograms deviated from this by showing either a width greater than 0.2 or a systematic deviation from a Gaussian peak shape (asterisks , Table S1 ).
Distinguishing between a static and dynamic conformation is not possible with one EMCCD smFRET measurement. However, "oversampling" the domain position using different labeling site combinations did reveal dynamics. There is no time averaging in a static structure, so measurements using different labeling sites show a dispersion of mean FRET. Time-averaging from dynamics makes FRET insensitive to labeling position. Similarly, limited dispersion is also seen in NMR resonances of disordered proteins (16) . To analyze FRET dispersion, we calculated the variance of mean FRET (VMF) using either PDZ1 ( Fig. 2A) or GuK (Fig. 2B) as the reference domain. VMF compares measurements using different labeling sites as opposed to variance in the smFRET signal.
The domains in PSD-95 partitioned into two categories based on VMF. Domains with a well-defined conformation such as the PDZ1-2 tandem and SH3-GuK, which have both been crystallized (12, 17, 18) , showed a large VMF. The VMF for PDZ3 to GuK was similar to that for SH3-GuK. This agrees with our SEC data, which also suggested that PDZ3 associates with SH3 or GuK. In contrast, only PDZ2 showed a high VMF relative to PDZ1. The low VMF of PDZ1 to all the other domains suggests that the PDZ1-2 tandem undergoes isotropic motion relative to the rest of PSD-95. The narrow smFRET peak widths and lack of signal variance suggest rapid dynamics across the PDZ2-3 linker (13). Measurements between PDZ1 and PDZ2 was measured previously (44) . VMF characterizes replicate measurements using different labeling sites to oversample the domain position. VMF between PDZ1 and PDZ2 was significantly higher than measurements to PDZ3 or GuK (* p ¼ 0.046, Brown-Forsythe test for unequal variance) (B) VMF for measurements between GuK and the other domains in PSD-95 (indicated beneath the panel). The VMF between GuK and PDZ3 or SH3 were indistinguishable from each other but significantly higher than measurements to PDZ1 or PDZ2. (** p ¼ 0.048). Based on their location within the GuK domain (Fig. 3A) , the smFRET measurements between PDZ3 and GuK could be grouped into three clusters with statistically different mean FRET efficiencies (Fig. 3B) . Measurements between 3 labeling sites in SH3 and 3 labeling sites in PDZ3 (Fig. 3C) showed a complex dependence on labeling position that is not compatible with isotropic rotation (Fig. 3D) .
The fluorescent dyes have flexible linkers that minimize interactions with PSD-95, resulting in similar fluorescence anisotropy for labeled protein and free dye (Table S1 ). The downside of the linkers is uncertainty about the dye position and orientation relative to the protein backbone. To address this, we ran 1000 trials of simulated annealing for each labeling site (Fig. S2D) . This generated a family of sterically allowed positions, which showed an isotropic distribution of orientations within a cone (Fig. S2E) . The mean dye position was used as a fixed pseudo-atom to apply our distance restraints (10, 11, 19) . We calculated an empirical Förster radius (R 0 ) for each FRET pair based upon measured photophysical parameters. Initially, we adopted the standard 2∕3 approximation for the orientation factor (κ 2 ). Anisotropy values in the range we measured are typically assumed to indicate sufficient dye mobility to use this assumption (20) (21) (22) (23) .
There are several approaches to combine low-resolution distance restraints from FRET data with high-resolution structures of individual components for hybrid structure determination (10, 19, 24, 25) . We used the Crystallography and NMR System (CNS), which is well established for macromolecular refinement and was recently adapted to use smFRET data (11, 26) . For docking, PDZ3 and GuK were held as rigid bodies along with the core of the SH3 domain. From 500 trials with randomly assigned starting orientations, we identified a best-fit model with a root-meansquare error (E RMS ) of 7.8 Å between dye positions and smFRET distance restraints (Fig. 4A and Table S2 ). Lower scoring models showed the same position for PDZ3, indicating a high precision with respect to discriminating from other possible binding sites (Fig. S3A) (27) . PDZ3 is positioned close to the interface between SH3 and GuK, which does not involve the canonical SH3 or GuK ligand-binding sites (Fig. S3A) . This position for PDZ3 is substantially different than that observed in the distantly related MAGUK, zonula occludens 1 (ZO-1) (Fig. S3B) (28) . Nonetheless, our data confirms that a PDZ-SH3-GuK supramodule is the fundamental structural unit in the extended MAGuK family.
Once we had an initial model, we used our dye simulations to estimate the distributions of interdye distance (Fig. S2F ) and dye orientation (Fig. S2G) for each FRET pair. This allowed us to test our initial assumptions about κ 2 and the use of a single pseudoatom position. The mean κ 2 from all simulations was 0.64, which is close to the standard κ 2 ¼ 2∕3 approximation. The mean κ 2 varied for each dye pair (Table S2) , so we calculated an individual R 0 for each FRET measurement. Using simulated κ 2 only changed R 0 by 1.2 AE 0.9 Å relative to using κ 2 ¼ 2∕3, and did not affect the model (Fig. S4B) . Our model was also relatively unchanged by the omission of any single distance restraint (Fig. S4C) .
We can assess the reliability and quality of our model using established benchmarks (29) . As noted in that work, experimental error is small (typically ΔE < 0.01 FRET units) and contributes little. For any individual FRET measurement, the uncertainty associated with dye position and κ 2 is high (Fig. S4D ). Despite this, the uncertainty for the model is much lower. The large number of restraints oversamples the domain position, leaving few solutions to the docking calculation (29) . If outlying dye conformations from the simulations were stably populated, the apparent dye positions would be significantly different than our calculated averages (Fig. S2H) . This represents the worst-case scenario in which fluorescent dyes maintain unfavorable positions and orientations. By incorporating these worst-case estimates into our refinement, we can illustrate the model dependence on uncertainties in the dye position and in κ 2 (Fig. S4 E-G) . The worstcase scenario associated with both dye position and orientation results in a model RMSD of 10.2 Å. This level of uncertainty represents an unlikely scenario, since our anisotropy data indicates that the dyes are reorienting on the nanosecond timescale (see below).
A Model for the Native State Conformational Ensemble of Full-length PSD-95. Surprisingly, a comparison of 10 measurements in PSD-95 truncations found no differences in smFRET compared to the full-length protein (Fig. S5) . Interactions between nonsequential domains appear to play no role in the organization of PSD-95. The four interdomain interfaces within PSD-95 span a continuum of stability. The stability of domain interactions scaled with the linker length. The PDZ tandem and SH3-GuK have the shortest linkers and are the most stable, while PDZ2-3 has the longest linker and shows random coil dynamics.
The PDZ1-2 tandem and the PDZ3-SH3-GuK supramodule appear independent. Using the Gaussian chain model, we predicted a measured FRET of approximately 0.4 for domains connected by a 67 residue random-coil linker. The average FRET value for all measurements between PDZ3 and PDZ1 or PDZ2 was 0.41 AE 0.08 (Table S1 ). Thus, the PDZ2-3 linker imparts the mean domain separation of a relaxed, random coil. Our data suggests that full extension is not an intrinsic property of the linkers in PSD-95. Measurements between the N-terminus and PDZ3 suggest that the longest average dimension of PSD-95 in solution would be approximately 13.5 nm. Our smFRET model is in good agreement with SAXS and EM studies (30, 31) , which also suggested that PSD-95 adopts a compact configuration in solution (Fig. 4B) .
Conformational Dynamics of PSD-95. None of our measurements between PDZ3 and SH3-GuK showed FRET greater than 0.78, so the closest point of approach for PDZ3 in our model is 5 Å from SH3. The lack of direct contact suggests that PDZ3 undergoes motional averaging. Some measurements to PDZ3 showed wide or irregularly shaped smFRET distributions (Table S1) , which is consistent with dynamics (13) . Dynamics between PDZ3 and SH3 were also suggested by a recent NMR study on a PDZ3-SH3 fragment (32) .
To analyze dynamics between PDZ3 and GuK, SH3 or PDZ2 (Samples 34, 44, and 53, respectively; Table S1), we used confocal microscopy with multiparameter fluorescence detection (MFD), which allows FRET to be calculated based on both fluorescence intensity and fluorescence lifetime (33) . Comparing these two parameters of FRET using 2D plots of the ratio of donor to acceptor fluorescence (F D ∕F A ) against donor lifetime (τ DðAÞ ) can distinguish static and dynamic structures (34) . Owing to the random labeling, we found two species in all samples: D-only (F D ∕F A ≈ 40) and a FRET-population (highlighted in red). Twocolor pulsed interleaved excitation (PIE) confirmed that only the FRET species had an active acceptor.
For all samples, the FRET species fell on the dynamic FRET line (solid line) rather than the theoretical static FRET line (dashed line) (Fig. 5 A-C, upper panels) . The associated bottom panels contain corresponding 2D plots of donor anisotropies r scatter against τ DðAÞ . Comparison to the Perrin equation indicates that the majority of the donor populations have mean rotational correlation times (ρ) ranging between 2 and 6 ns. Together with residual anisotropies (Table S3) , this indicates the dyes are not immobile and do undergo dynamic reorientation (ρ ≈ τ). Even if complete isotropic rotation does not occur, dye motions within the sterically allowed volume result in κ 2 values close to 2∕3 (35). The samples differed in FRET efficiency, peak width and their limiting FRET states as taken from fits to the subensemble lifetime decays (Fig. 5D and Table S3 ). For PDZ3 relative to SH3-GuK (Fig. 5 A and B) the peaks are very broad, which indicates complex dynamics with a slow relaxation component on the order of the diffusion time (1.7 ms). The equilibrium is shifted towards the high FRET state as the peak is closer to τ 1 . We conclude that PDZ3 undergoes dynamic binding to a defined site near the SH3-GuK interface with a mean occupancy of the position defined by our model. In contrast, the FRET peak for PDZ2-3 ( Fig. 5C) is narrower, indicating a faster relaxation time. The limiting donor lifetimes suggest a compact high-FRET state τ 1 ¼ 0.8 ns (R DA ≈ 41 Å) and a more extended low-FRET state τ 2 ¼ 3.4 ns (R DA ≈ 72 Å) with the equilibrium shifted towards the extended conformation confirming the VMF analysis. The fluorescence cross-correlation functions have a prominent anticorrelation signature in the submillisecond time range (Fig. 5E) . A formal fit (SI Text, Eq. S16) revealed relaxation times of approximately 1 μs, 100 μs, and an additional third slow term of 1.7 ms The existence of multiple scales for domain motions is a hallmark of protein dynamics (36) .
Modeling the Dynamic Loops of the SH3 Domain. The extended loops in the PSD-95 SH3 domain were poorly resolved in the crystal structure (18) . We performed torsion angle refinements using smFRET restraints to describe the missing polypeptide. Refinements identified a lowest energy configuration of the pseudoatom positions that is consistent with a family of loop conformations. To validate our model for the SH3 loops, we performed a 100 nanosecond, fully solvated, all-atom molecular dynamics simulation based on the SH3-GuK crystal structure. The SH3 domain showed rapid reorganization, while the GuK domain remained relatively unchanged (Fig. 6A) . The SH3 domain showed limited motion within the folded core, but the elongated loops were highly dynamic (Fig. 6B ). Both our family of smFRET models and the conformational ensemble from the MD simulation show fluctuations of a similar magnitude (Fig. 6B) . In particular, the HOOK loop (491 to 522) adopted a mean configuration significantly different from the extended conformation partially modeled in the crystal structure.
Conservation of Supertertiary Structure in Synaptic MAGuK Homologues. To identify major structural differences in the synaptic MAGuKs, we introduced labeling sites into homologous positions in both SAP97 and SAP102. All four measurements between PDZ1 and PDZ2 were identical in the three MAGuKs homologues (Fig. 7A ). This implies a nearly identical structure for the PDZ1-2 tandem. Measurements between PDZ1 or PDZ2 and PDZ3 indicate a similar separation between the supramodules in PSD-95 and SAP102, with SAP97 showing a larger separation (Fig. 7B) . Measurements between PDZ3 and the GuK domain revealed differences between MAGuK proteins (Fig. 7C ). This suggests structural differences in the mean position for PDZ3. However, the magnitude of the difference in terms of distance (4.7 Å and 2.3 Å for SAP97 and SAP102, respectively) wouldn't suggest a wholly different binding site for PDZ3 in SAP97 or SAP102. Thus, the organization of domains into two supramodules appears to be conserved. Discussion PSD-95 and the other synaptic MAGuKs play critical roles in synaptogenesis, receptor clustering, and the modulation of synaptic plasticity (4) . The available high-resolution structures from PSD-95 represent the most tightly associated domains with the shortest interdomain linkers. Moving beyond the study of truncated fragments remains a challenge for proteins with intrinsic disorder.
Signal transduction proteins are macromolecular entities, so the supertertiary structure of scaffolds could impose geometrical constraints on complex formation and activity. Numerous studies have shown that linker sequence (37) , linker length (38) , domain order (39) , and interdomain interactions can alter scaffolding activity (40, 41) . This suggests that although scaffolds contain disorder, their supertertiary structure is a critical element of their biological activity. PSD-95 is a dynamic assembly of domains. Their connection assures the interaction in a crowded cellular environment.
Electron tomographic reconstructions of the synapse identified membrane-associated filaments containing PSD-95 (42) . Their 20 nm length would imply a complete extension of a PSD-95 monomer. However, EM immuno-localization in synapses also measured the distances between PDZ3 or a C-terminal tag and the synaptic cleft (42, 43) . The similarity of these measurements suggests that PDZ3 and GuK are equidistant from PDZ1. The 8 nm separation measured between PDZ1 and PDZ3 also agrees well with our smFRET measurements. Thus, immuno-EM measurements in synapses are compatible with our model for PSD-95. If PSD-95 retains a compact configuration in synapses, then the vertical filaments may not correspond to PSD-95 monomers but rather complexes containing PSD-95.
Our measurements in neutral phospholipid vesicles capture PSD-95 in its lowest energy "ground state." Although PSD-95 might not maintain this state in the synapse, this represents the supertertiary structure encoded in the primary sequence. Native interactions which are not present in our experiments could alter the conformation. Such effects are unpredictable and could explain the biochemical differences between the closely related MAGuK isoforms.
Methods
Additional details are provided in the SI Text.
Single Molecule TIRF FRET Experiments. Recombinant protein samples were purified and fluorescently labeled with a mixture of Alexa Fluor 555 C 2 maleimide and Alexa Fluor 647 C 2 maleimide as described previously (44) . PSD-95 was encapsulated in 100 nm liposomes, which were immobilized to a quartz slide for Total Internal Reflection illumination with alternating laser excitation at 532 nm (approximately 7.5 mW before prism) and 633 nm (approximately 3 mW before prism). Emission was collected using an Andor iXon EMCCD camera (Andor Technologies). To correct for distortions in the measured donor and acceptor intensities, we used per molecule gamma normalization based upon acceptor photobleaching events (14) .
Multiparameter Fluorescence Detection. PSD-95 was labeled with Alexa Fluor 488 C 5 maleimide and Alexa Fluor 647 C 2 maleimide. Samples were excited at 496 nm (40 μW) using a pulsed, linearly polarized argon-ion laser (Sabre®, Coherent) focused by an 60× 1.2 NA water immersion objective (Olympus). Fluorescence emission was detected by 4 single photon counting avalanche photodiodes (SPCMAQR-14, Laser Components, for the acceptor, and PDM050CTC, MPD, for the donor). Laser beam diameter and a pinhole in the detection path provided a detection volume of about 2 fL. Detector outputs were registered by SPC 132 counting boards (Becker & Hickl). Molecular Dynamics Simulations. Molecular dynamics simulations of the SH3-GuK structure (45) were run at the High Performance Computing Center (HPCC) facilities at Texas Tech University using GROMACS 4.5 (46) . Simulations were performed in a cubic box of water using boundary conditions at constant temperature and pressure (NPT). The simulation was run for 100 ns in total. Table S1 . Measurements made between (A) PDZ1 and PDZ2, (B) either PDZ1 or PDZ2 and PDZ3 and (C) PDZ3 and the GuK domain. Mean smFRET and peak widths from these experiments are listed in Table S4 . The root mean squared fluctuation (RMSF) for each C α atom in the SH3 domain during the molecular dynamics simulation (black line) is plotted along with the RMSF from our ensemble of smFRET-derived models (grey diamonds). Because the core of the SH3 domain was held rigid in our docking calculations, the RMSF can only be calculated for freely moving atoms within the extended loops. The regions containing secondary structural elements (α-helices as cylinders and β-sheets as arrows) are indicated above the panel.
Rigid Body Structural Refinement. As we have done previously (44) , the distance restraints were applied to the mean dye position, which was estimated using CNS version 1.3 (47) . FRET restraint were modeled as a harmonic square well potential, with values closer to R 0 having less uncertainty (11) . The energy function included a repulsive term for nonbonded interactions and the distance restraints, but lacked electrostatics and the attractive van der Waals terms (48) . Cluster analysis of 500 simulations using different randomly generated starting positions was used to isolate similar structures. The bestfit model was identified based upon the difference between FRET distance restraints and the model results (26) .
